Bacterial proliferations have recurrently been observed for the past 15 years in fermentor cultures of the ectomycorrhizal fungus Laccaria bicolor S238N, suggesting the presence of cryptic bacteria in the collection culture of this fungus. In this study, intracellular bacteria were detected by fluorescence in situ hybridization in combination with confocal laser scanning microscopy in several collection subcultures of L. bicolor S238N. They were small (0.5 m in diameter), rare, and heterogeneously distributed in the mycelium and were identified as Paenibacillus spp. by using a 16S rRNA-directed oligonucleotide probe initially designed for bacteria isolated from a fermentor culture of L. bicolor S238N.
Bacterial endosymbiosis is characterized by the intracellular localization of the bacteria, regardless of their parasitic or mutualistic behavior (25) . Endosymbiotic bacteria are known to colonize numerous eukaryotic organisms, e.g., aphids, Schizaphis graminum (7) ; bivalves, Bankia setacea (14) ; and plants, Gunnera spp. (30) .
Concerning fungi, only a few cases of bacterial endosymbiosis have been reported as yet, mostly for Glomeromycota species (35) . Moreover, except for the cyanobacteria colonizing Geosiphon pyriforme (34) , known intrafungal bacteria are nonculturable. Since the 1970s, electron microscopy has allowed the detection of small organelles (less than 1 m wide) with a bacterial type of cell wall (20, 21, 33) . However, the true bacterial nature of these bacterium-like organisms has only been confirmed recently thanks to molecular methods. For example, with the help of PCR amplification and sequencing, Bianciotto et al. (8) identified the endobacteria belonging to several species of endomycorrhizal fungi (Gigaspora spp. and Scutellospora spp.) as Burkholderia spp. (9) . More recently, Barbieri et al. (5) discovered, by fluorescence in situ hybridization (FISH), bacteria belonging to the Cytophaga-(Flavobacterium)-Bacteroides phylogroup embedded in the cell wall of the hyphae of Tuber borchii, an ectomycorrhizal fungus (5, 6) .
Laccaria bicolor (Maire) P. D. Orton S238N (formerly Laccaria laccata S238N), an ectomycorrhizal fungal strain, has been selected in France for the controlled mycorrhization of Douglas fir plantations. It is commercially used to inoculate seedlings of Douglas fir in French nurseries in order to obtain high-performance planting material for reforestation (19) . Since its transfer from Oregon in 1980, it has been subcultured on diluted brewery wort solid medium every year in our laboratory without ever displaying bacterial contamination. In contrast, recurrent bacterial proliferations have been observed sporadically for 15 years in the derived axenic fermentor cultures which produce the commercial inoculum for nurseries. This is why we suspected the fungus to harbor cryptic bacteria, which would be revealed by the particular culture conditions of the fermentor. Therefore we investigated the presence of fungus-associated bacteria, whether intra-or extracellular, in pure cultures of L. bicolor S238N, by using FISH and confocal laser scanning microscopy (CLSM). Further identification of these bacteria was provided by a specific probe, originally designed to target the 16S rRNA of bacteria isolated from a fermentor culture of L. bicolor S238N.
MATERIALS AND METHODS
Fungal strain. Laccaria bicolor (Maire) P. D. Orton is a member of the ectomycorrhizal family Tricholomataceae. The original strain, S238O, was isolated in 1976 in Oregon by Trappe and Molina from a fruit body collected under Tsuga mertensiana (Bong.) Carr. The subculture transferred to the 4°C fungal collection (Institute National de la Recherche Agronomique, Nancy, France) in 1980 was named S238N (13) . In this study, agar plugs from the strain S238N 4°C collection cultures were grown in the dark at 20°C on modified P5 (5 mM NH 4 ϩ ) and P25 (25 mM NH 4 ϩ ) Pachlewski media (28), liquid and solid. For solid cultures, hyphae were grown over a sheet of cellophane to avoid sampling agar fragments, which are autofluorescent.
Reference bacterial strain. The bacterial strain EJP73 was kindly provided by G. Bending (Horticulture International, Wellesbourne, United Kingdom). It had originally been isolated from Lactarius rufus-Pinus sylvestris macerated ectomycorrhizal roots and identified as Paenibacillus sp. (EMBL accession number AJ302333) (29) .
Isolation of bacterial strains from an L. bicolor culture produced in a fermentor. The fermentor (Setric 50 L) was filled with 35 liters of Opti medium (i.e., optimized for the growth of L. bicolor S238N in fermentor; Durand, Institut National de la Recherche Agronomique, Dijon, France) and heat sterilized. The parameters of fermentation were as follows: temperature, 25°C; shaking, 90 rpm; pH 6.6; and high oxygenation rate. Inoculation under sterile conditions was done 5 days later in order to ensure that no sporulating bacteria had escaped sterilization. The fungal inoculant consisted of 1 liter of a 2-week-old culture of L. bicolor S238N on modified P5 (5 mM NH 4 ϩ ) Pachlewski liquid medium (28), subcultured from the 4°C collection. It was fragmented axenically in a mixer previous to inoculation to ensure homogeneous distribution of the fungus in the fermentor.
Platings on tryptic soy agar (TSA) (10%) medium of the fungal inoculant and of the fermentor broth, before and after inoculation, revealed no bacterial contaminant. Bacterial proliferations were observed in the fermentor L. bicolor S238N culture 7 days after inoculation. Bacteria were isolated from the fermentor broth by cultivation on TSA (10%) medium plates for 2 days at 25°C and then purified by three successive subcultures on the same medium. Two bacterial isolates were finally maintained at Ϫ80°C in NB-glycerol (nutrient broth [Difco], 8 g; 150 ml of glycerol per liter). A comparison with noncontaminated batches showed that the growth of the fungus in the fermentor was not hampered by the development of these bacterial proliferations.
Bacterial DNA extraction, PCR, and sequencing. Bacterial suspensions (optical density at 600 nm, 0.5) were boiled for 5 min and subsequently diluted 100-fold. Almost full-length 16S ribosomal DNA (rDNA) PCR products were obtained by PCR with the eubacterial primers 27f and 1492r (38) . The amplifications were performed in Perkin-Elmer thermocyclers 9700 and 2400. The reaction mixture (25 l) consisted of 1ϫ incubation buffer with MgCl 2 (Qbiogene), 0.2 M deoxynucleoside triphosphate mix, 0.5 M each primer, 0.6 U of Taq DNA polymerase (Qbiogene), and 2.5 l of bacterial DNA. The PCR cycling conditions were as follows: one cycle of 94°C for 3 min, 35 cycles of 94°C for 1 min, 55°C for 1 min, and 72°C for 2 min, and a final extension step at 72°C for 15 min. The 16S rDNA gene products were purified with a Geneclean Turbo kit (Bio 101) and were fully sequenced by an automated sequencer (Beckman Coulter, Fullerton, Calif.), according to the manufacturer's instructions with the eubacterial primers 27f and 1492r (38) and 341f and 926r (17) . Sequences were assembled with Sequencher 3.1.1 software (Gene Codes Corporation) and analyzed with the ARB software package (http://www.mikro.biologie.tu-muenchen .de).
Fixation of bacteria and mycelium prior to FISH. Bacteria were cultured overnight at 25°C in Luria-Bertani (LB) liquid medium (32) , harvested in the logarithmic growth phase (optical density at 600 nm, 0.2 to 0.6), and washed in 1ϫ PBS (130 mM NaCl, 7 mM Na 2 HPO 4 , 3 mM NaH 2 PO 4 , pH 7.3). One-to six-month-old fungal colonies were collected under aseptic conditions and detached from the sheet of cellophane prior to fixation. Mycelium was aseptically dipped in 1ϫ PBS during sampling for a maximum of 30 min. Bacteria and fungus were fixed by adding 3 volumes of 3% paraformaldehyde to one volume of 1ϫ PBS (2) and incubated at 4°C for 1.5 h to 20.5 h for the fungus and 3 h for the bacteria. Then they were washed three times in 1ϫ PBS and finally resuspended in a 1:1 mixture of 1ϫ PBS and 96% ethanol. Fixed samples were stored at Ϫ20°C.
rRNA-targeted oligonucleotide probes. Oligonucleotide probes were purchased from Thermo Hybaid Division Interactiva GmbH, Ulm, Germany, 5Ј-end labeled with indocarbocyanine (Cy3), indodicarbocyanine (Cy5), or fluorescein isothiocyanate (FITC). Intracellular bacteria were detected with EUB338mix (an equimolar mixture of EUB338I, EUB338II, and EUB338III [1, 12] 
), with
LGC354mix (an equimolar mixture of LGC354A, LGC354B, and LGC354C [24] ), specific for the Firmicutes, and with BIF216 (5Ј-GCCCATCCCCGAGT AACA-3Ј), a 16S rRNA-directed probe specific for bacterial isolates from the L. bicolor S238N culture in a fermentor, designed in this study. The probes ALF968 (27) , BET42a (22), GAM42a (22) , CF319 (23) , and HGC69a (31), specific for ␣-, ␤-, and ␥-proteobacteria, Cytophaga-Flavobacterium, and high-GC-content gram-positive bacteria, respectively, and non-EUB338 (16), the reverse complement of EUB338I, were used as negative controls to detect nonspecific binding.
In situ hybridization. Fixed fungal samples were dilacerated with pins in order to obtain a thin mycelial layer, facilitating microscopic observation. Hyphae were subsequently immobilized on hydrophobic Teflon-coated slides in 8-mm hybridization wells (Roth). Alternatively, washed (TDF4 detergent; Franklab), gelatincoated [0.075% gelatin-0.01 CrK(SO 4 ) 2 ] slides were used to improve the attachment of the samples. Each well analyzed contained roughly the equivalent of one square millimeter of fungal colony. The slides were dehydrated in 50, 80, and 96% ethanol for 3 min each. Prior to hybridization, some samples were treated with lysozyme (150,000 U/mg; Serva) to enhance the permeabilization of grampositive bacterial cell walls (32), with 10 l per well of a 10-mg/ml solution for 20 min, at room temperature, which yielded optimal results. Lysozyme was then removed with a pipette, and the slides were dehydrated again as previously. Bacteria were treated in the same way after depositing 2 l of fixed bacterial suspension per well. Once the slides were perfectly dry, hybridization was performed according to Manz et al. (23) . Before observation, the slides were mounted in AF1 antifading reagent (Citifluor Ltd.).
Design and evaluation of oligonucleotide probe specific for bacterial isolates from L. bicolor S238N culture produced in a fermentor. The oligonucleotide probe BIF216, specific for bacterial isolates F2001-L and F2001-O, was designed with the ARB program package (http://www.arb-home.de). Optimal stringency for in situ hybridization was determined by whole-cell hybridization with the Cy3-labeled probe on the reference bacterial strain Paenibacillus sp. strain EJP73, as the nontarget organism, and on F2001-L as the target organism. The stringency was gradually increased by the addition of deionized formamide in 5 to 10% increments in the hybridization buffer and by lowering the salt concentration of the wash buffer accordingly (18) . The probe-conferred fluorescence of the bacteria was evaluated semiqualitatively by eye, according to Neef et al. (26) . As a reference, formamide gradients were realized with the eubacterial probe EUBmix-Cy3 and to define the background range, without probe and with the antisense probe non-EUB338-Cy3. A discriminant formamide stringency was achieved when the target organism yielded bright signals whereas the nontarget organism stayed in the background range.
Observations. The fungal samples were observed with a confocal laser scanning microscope (LSM 510
The bacterial pure cultures were observed with an epifluorecent microscope (Nikon), equipped with a filter for Cy3 (excitation, 535 to 550 nm; emission, 610 to 675 nm) and a 100ϫ/1.3 oil immersion lens.
RESULTS
Isolation and characterization of bacteria growing in fermentor culture of L. bicolor S238N. Whereas all the control platings remained negative, bacterial proliferations appeared in the L. bicolor S238N fermentor culture 7 days after inoculation. Two morphotypes of bacterial colonies, L (limpid) and O (opaque), were identified after plating on TSA (10%) medium and subsequently purified. Each morphotype was conserved as a distinct isolate, named, respectively, F2001-L and F2001-O. A few colonies of the O morphotype were observed to revert to the L morphotype and vice versa.
A 1,394-base fragment was sequenced for each of the two bacterial isolates from the fermentor, revealing a similarity of 99.8% between the two isolates. Comparative 16S rDNA sequence analysis showed that the closest related sequence in the data bank is from Paenibacillus sp. strain SAFN-007 (99.3% similarity with F2001-L and 99.4% with F2001-O) from a study on the microbial diversity of spacecraft assembly facilities. The next closely related Paenibacillus spp., P. agarexedens, P. kobensis, and P. curdlanolyticus (Fig. 1) , had 16S rDNA similarities of 93.2, 93.5, and 93.3%, respectively, to isolate F2001-L and 93.4, 93.6, and 93.2%, respectively, to isolate F2001-O.
Design and evaluation of probe specific for bacteria isolated from L. bicolor S238N culture produced in a fermentor. A specific 16S rRNA-targeted oligonucleotide probe for FISH was designed on the basis of a consensus of the 16S rDNA sequences of the two bacterial strains isolated from the L. bicolor S238N fermentor culture, F2001-L and F2001-O. Probe design and specificity analysis were performed with an ARB sequence database containing a total of about 16,000 complete and partial 16S rRNA sequences, and the ARB tools Probe Design and Probe Match. Positions comprising ambiguities between the target isolates were avoided. The Probe Design tool suggested 16S rRNA positions 216 to 233 as a diagnostic region for a probe (alignments presented in perfectly matched F2001-L and F2001-O but also Paenibacillus sp. strain SAFN-007, which was included in the database later.
The optimal hybridization conditions of probe BIF216 were determined by whole-cell hybridization on pure cultures of F2001-L. In comparison, EJP73 served as a nontarget organism, because its 16S rRNA sequence presents the two abovementioned mismatches; the stringency necessary to discriminate between the target organism and EJP73 is the same for all organisms presenting these two mismatches (26) . A very strong probe-conferred fluorescence was observed for F2001-L at between 10% and 50% formamide, whereas the signal intensity with EJP73 stayed in the background at these stringencies. As a consequence, the BIF216 probe was used at a stringency of 35% formamide. Five other nontarget bacterial strains chosen according to their ecological relation to fungi and having more than two mismatches with the probe were not detected by BIF216 (data not shown).
Detection and identification of bacteria associated with mycelium of L. bicolor S238N in collection subcultures. The presence of bacterial rRNA in the mycelium of L. bicolor S238N was first investigated with the probe specific for eubacteria, EUB338mix. Small (Յ0.5 m) spherical bacteria were detected in five collection subcultures of L. bicolor S238N aged 1 to 6 months, grown on solid and liquid P5 and P25 modified media. Some bacteria were found in the terminal cell of some hyphae (data not shown) and in several clamp connections (Fig. 2, Fig. 3, and Fig. 4) . Generally speaking, the bacteria were variable in number, up to 50 per fungal cell, and occurred in only a few fungal cells. In sample P5c7 especially, very elongated cells containing many bacteria were observed repeatedly (Fig. 4) .
Among the group-specific probes tested (ALF968, BET 42a, GAM42a, CF319, HGC69a, and LGC354mix), similar structures were observed with the LGC354mix probe only, which is specific for Firmicutes, in colocalization with EUB338mix (Fig.  2) . The bacteria detected with LGC354mix also hybridized with BIF216, which is specific for Paenibacillus spp. (Firmicutes) isolates from the L. bicolor S238N culture in a fermentor (Fig. 3) . In contrast, no bacterial signal was detected with probe nonEUB338; in Fig. 4 , the spherical bacteria were labeled with the LGC354mix-Cy3 probe alone. Optical sectioning through the hyphae clearly showed that the bacterial cells were intracellular (Fig. 5) .
DISCUSSION
Fluorescence in situ hybridization combined with CLSM allowed the detection of rare, small intracellular spherical objects (Յ0.5 m) in several collection subcultures of L. bicolor S238N. These objects hybridized exclusively with three probes, EUB338mix, LGC354mix, and BIF216, specific for eubacteria, low GC-content gram-positive bacteria, and for Paenibacillus isolates from the L. bicolor S238N culture produced in a fermentor, respectively. The specificity of the hybridizations 
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Sequence name Sequence performed here is attested to by the following observations: the coherent labeling of the bacterial structures obtained in the different colocalization experiments with these probes, the nonhybridization of probes specific for other phyla, and the nonhybridization of an antisense probe. This demonstrates the bacterial nature of the intrafungal structures. Moreover, with FISH, only bacteria containing enough ribosomes produce detectable fluorescence; therefore, dead bacteria, lacking rRNA, and starved or dormant bacteria, usually with very low rRNA levels, cannot be detected (3, 11) . In agreement with this correlation between rRNA content and cellular activity, the probe-conferred fluorescence levels of the intracellular bacteria detected in this study were high enough to indicate physiologically active bacteria. In contrast, this study provides no information concerning the viability of the colonized fungal cells; this will have to be assessed in order to confirm that the intracellular bacteria are endosymbionts, not saprobes. We demonstrated that these intrafungal bacteria are paenibacilli and that they are at the least very closely related to the L. bicolor S238N fermentor culture isolates. Indeed, BIF216, the 16S rRNA-directed probe designed for these bacterial isolates, also hybridized on the intracellular bacteria of the L. bicolor S238N collection subcultures. Interestingly, according to the 16S rDNA sequence similarities of these Paenibacillus isolates, together with Paenibacillus sp. strain SAFN-007, a strain isolated from spacecraft assemblies, they may form a new species.
With all the results taken together, the question which arises is whether the intrafungal paenibacilli and the paenibacilli isolated from the L. bicolor S238N fermentor culture are very closely related bacteria or a single bacterial strain. The use of the 16S rRNA-directed probe BIF216 was not sufficient to conclude this; only observation of exocytosis of the bacteria would do so. For the pure fungal cultures, this has not been witnessed yet; so far, all the bacteria that we observed were inside intact fungal cells, as confirmed by optical sectioning by CLSM, and no bacteria were found in the buffer in which the mycelium was suspended. In contrast, concerning the fermentor culture, the fragmenting of the fungus before inoculation could have allowed some bacteria to escape and to develop extracellularly. Thus, the Paenibacillus isolates F2001-L and F2001-O that we purified from this fermentor culture could have originated from the intracellular compartment of the fungus. However, this hypothesis needs confirmation.
In this study, a prominent trait of the intrafungal paenibacilli was their sporadic occurrence. Indeed, only some subcultures of L. bicolor S238N examined here presented intracellular bacteria, and the majority of the hyphae in the samples observed were free of bacteria. This questions the age of this fungalbacterial association. The fact that intracellular bacteria were detected in fungal samples subcultured from our 4°C L. bicolor S238N collection, which has been maintained axenically since isolation, suggests that this fungal-bacterial association is at least 25 years old. The presence of intracellular bacteria now has to be investigated in other axenic strains of L. bicolor S238 from our collection, all related to S238N (13) , in order to determine the generality and the stability of this association. For this purpose, environmental samples of L. bicolor also need to be examined. Indeed, paenibacilli are rather common soil (4), rhizosphere (36) , and mycosphere inhabitants (37) , and some of them are mycorrhizal helper bacteria (29) . Therefore, a possible origin for the intracellular bacteria of L. bicolor S238N would be the mycosphere of this fungus. Interestingly, other Paenibacillus species (P. validus and P. burgondia) were also found associated with pure cultures of the endomycorrhizal fungus Glomus spp., to which they are beneficial (10, 15), but they are clearly different phylogenetically from the L. bicolor S238N fermentor isolates F2001-L and F2001-O.
In conclusion, this work has demonstrated the sporadic presence of cryptic intracellular bacteria in pure subcultures of an ectomycorrhizal fungus, L. bicolor S238N. These bacteria were identified as Paenibacillus spp. by FISH analysis with a specific 16S rRNA-directed oligonucleotide probe and were clearly localized inside the hyphae by CLSM. Further experiments will have to investigate the stability and the generality of this fungus-bacterium association. In any case, the discovery of intracellular bacteria inside a pure fungal culture which was conserved axenically for 25 years is important. Moreover, this fungal strain, which is being commercially used for controlled mycorrhization, the role of these intracellular bacteria, and their possible impact on the ectomycorrhizal symbiosis have to be studied thoroughly. FIG. 3 . FISH of fungal culture P5c7 without probe in Cy5, with the species-specific oligonucleotide probe BIF216-Cy3 (probe specific for the Paenibacillus isolates from the fermentor), and the Firmicutes-specific probe LGC354mix-FITC. The superimposition of the images results in a yellow color for the bacteria, indicating colabeling by LGC354mix-FITC (green) and BIF216-Cy3 (red) .  FIG. 4 . FISH of fungal culture P5c7 without probe in Cy5, with nonEUB338-FITC, antisense probe, and with the Firmicutes-specific probe LGC354mix-FITC. After superimposing the images, the bacteria fluoresce red, which corresponds to hybridization of the LGC354mix-Cy3 probe, whereas they would have fluoresced yellow (green plus red) in the case of nonspecific hybridization with nonEUB338-FITC (green).
FIG. 5. Selection of a gallery of CLSM pictures corresponding to FISH of fungal culture P5c7. Optical sections were realized every micrometer (one picture presented every 2 m) in a sample hybridized with nonEUB338-FITC (control for the specificity of the hybridization) and
LGC354mix-Cy3 (Firmicutes). Bacteria are expected to appear as red dots. The fungal cell wall fluoresces turquoise nonspecifically, delimiting the fungal cell compartment. Thick arrowheads indicate plain fungal cell wall when the optical section is above or beneath the hypha, and thin arrowheads indicate fungal cell wall flanking the fungal cytoplasm when the optical section occurs inside the hypha. Bacteria appear inside the fungal cell concomitantly with their appearance in the cytoplasm (sections 2 to 8 m), between the two turquoise lines corresponding to the fungal cell wall. 
